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Arsenic is a carcinogen known for its acute toxicity to organisms. Geothermal waters are commonly high
in arsenic, as shown at the Bjarnarﬂag Power Plant, Iceland (w224 mg/kg of solvent). Development of
geothermal energy requires adequate disposal of arsenic-rich waters into groundwater/geothermal
systems. The outcome of arsenic transport models that assess the effect of geothermal efﬂuent on the
environment and ecosystems may be inﬂuenced by the sensitivity of hydraulic parameters. However,
previous such studies in Iceland do not consider the sensitivity of hydraulic parameters and thereby the
interpretations remain unreliable. Here we used the Lake Mývatn basaltic aquifer system as a case study
to identify the sensitive hydraulic parameters and assess their role in arsenic transport. We develop a
one-dimensional reactive transport model (PHREEQC ver. 2.), using geochemical data from Bjarnarﬂag,
Iceland.
In our model, arsenite (H3AsO3) was predicted to be the dominant species of inorganic arsenic in both
groundwater and geothermal water. Dilution reduced arsenic concentration beloww5 mg/kg. Adsorption
reduced the residual contamination beloww0.4 mg/kg at 250 m along transect. Based on our modelling,
we found volumetric input to be the most sensitive parameter in the model. In addition, the adsorption
strength of basaltic glass was such that the physical hydrogeological parameters, namely: groundwater
velocity and longitudinal dispersivity had little inﬂuence on the concentration proﬁle.
 2019, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Geothermal heat is mined from the ground, often producing
waste-water. These waste-waters are enriched in silica, dissolved
hydrogen sulphide, carbon dioxide, trace metals such as lead,
copper, zinc and mercury, and trace metalloids such as arsenic
(Fridleifsson, 2001). Geothermal water can be re-injected into
subsurface reservoirs or discharged into surface drainage systems,
using dilution to reduce the impact of harmful componentsonment and Earth Sciences,
Kelburn Parade, Wellington,
eaver).
of Geosciences (Beijing).
eijing) and Peking University. Produ
c-nd/4.0/).
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celand, Geoscience Frontiers(Robinson et al., 1995). However, the disposal of geothermal water
can increase arsenic concentration leading to exceedance of
guideline values of drinking (>0.01 mg/kg of solvent) (World
Health Organisation, 2011) and environmental water quality
(>0.1 mg/kg of solvent) (Webster and Nordstrom, 2003).
Arsenic has several oxidation states, with the most common
forms in groundwater being the inorganic oxyanions of As3þ
(trivalent arsenite) and As5þ (pentavalent arsenate). Redox poten-
tial coupled with pH is the most important factors controlling
arsenic speciation. According to equilibrium thermodynamic cal-
culations, As3þ is prevalent in strongly reducing conditions,
whereas As5þ is dominant in oxidising conditions (Smedley and
Kinniburgh, 2002). Arsenic is one of the most carcinogenic and
toxic substances in surface and groundwaters (Ravenscroft et al.,
2009). As5þ inhibits oxidative phosphorylation in the ATP energyction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
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protein function (Squibb and Fowler, 1983).
Globally the principal cause of high arsenic concentration in the
subsurface is the reductive dissolution of hydrous iron oxides
(Nickson et al., 1998; Welch et al., 2000; Ravenscroft et al., 2009;
Fendorf et al., 2010), oxidation of arsenic-bearing sulphides and
desorption of arsenic due to an increased pH in oxidising aquifer
conditions (Ravenscroft et al., 2009), and hydrothermal ﬂuids with
higher dielectrical constant S enabling leaching of arsenic from host
rock (Webster and Nordstrom, 2003). According to studies by
Arnórsson (2003), arsenic is highly mobile within shallow basaltic
groundwaters with temperatures up to 90 C. Arsenic concentration
increases in groundwaters with higher temperatures and longer
residence times which reﬂect on an increasing water/rock ratio.
Indeed, themixing of geothermalwaterwith groundwater in basaltic
settings, increases arsenic concentrations (Robinson et al., 1995).
The primary cause for the retardation of arsenate and arsenite
transport in the subsurface is adsorption on iron oxides and hy-
droxides, even at low concentrations (Welch et al., 2000; Smedley
and Kinniburgh, 2002; Sracek et al., 2004). Arsenate and arsenite
have optimal adsorption afﬁnities at pH 4 and 7 respectively (Pierce
and Moore, 1982; Webster and Nordstrom, 2003; Sracek et al.,
2004). High pH environments (>8.5) can cause desorption and
dissolution of these compounds and increase mobility (Dzombak
and Morel, 1990; Smedley and Kinniburgh, 2002; Sracek et al.,
2004; Willis et al., 2011). In oxidizing conditions, hydrous iron
oxides are stable and arsenic adsorption occurs (Ferguson and
Gavis, 1972). Clay, organic matter, hydrous aluminium and man-
ganese oxides are also adsorbents (Smedley and Kinniburgh, 2002;
Webster and Nordstrom, 2003; Sracek et al., 2004).
Globally, geothermal waters are known to be high in arsenic.
Icelandic environmental regulations set environmental limits for
the concentration of arsenic-rich waters (Umhverﬁsráðuneytið,
1999). Arsenic-transport modelling has been accomplished on the
Nesjavellir geothermal power plant in southern Iceland. However,
sensitivity analysis of hydraulic parameters in the model were not
conducted (Sigfusson et al., 2011), leaving the conclusion unreli-
able. Furthermore, no arsenic-transport modelling has been
completed in the area to the East of Lake Mývatn.
We developed a one-dimensional reactive transport model using
PHREEQC ver. 2 (Parkhurst and Appelo, 1999), incorporating ﬁeld
hydro-geochemistry data coupled with previously published
(Sigfusson et al., 2008) laboratory-based adsorption coefﬁcients. We
conducted sensitivity analyses on arsenic transport modelling with
the following parameters; volumetric input, basalt-glass interaction,
groundwater velocity and dispersivity. The purpose of this study was
to evaluate reinjection as a viable solution for geothermal water
disposal. This culminated in the production of three scenarios for
predictability of future arsenic concentrations. The results obtained
in this study may eventually be utilised for other arsenic-rich
geothermal production water localities world-wide.
2. Tectonics, geothermal and hydrogeological setting
2.1. Tectonic setting
Iceland is situated on the plate boundary between the North
American and Eurasian plate. The plate boundary is marked by a rift
zone which consists of several horsts and grabens and extends
across Iceland (Thorarinsson, 1979; Gudmundsson et al., 2010). The
Bjarnarﬂag Power Plant and the associated Námafjall geothermal
ﬁeld are located in this rift zone in North-East Iceland (Fig. 1).
The bedrock in the area surrounding Bjarnarﬂag consists of hya-
loclastites, basaltic lavas, andglacialmoraines (Fig.1; Ólafsson,1979a;
Thorarinsson,1979; De Zeeuwand Gíslason,1988). Hyaloclastite tuffsPlease cite this article as: Weaver, K.C et al., Validation of basaltic glass ad
case study from Bjarnarﬂag power Station, Iceland, Geoscience Frontierswere produced by the region’s sub-glacial volcanic activity
(ThóroddssonandSigbjarnarson,1983;DeZeeuwandGíslason,1988).
Glacier advancement associatedwith the Younger Dryas period (w11
ka), dominated theMývatn-landscape in the last glacial periodwhich
produced extensive deposits of terminal moraines, sandur plains and
otherglacio-ﬂuvial deposits (Guðmundssonet al.,1971;Thorarinsson,
1979). Following the Younger Dryas period, there were several epi-
sodes of volcanic activity. The outpouring of the Older and Younger
Laxárhraun created Lake Mývatn and associated pseudo-craters
(Thorarinsson, 1979; Ólafsson, 1979a). The Mývatn (1724e1729) and
Kraﬂa ﬁres (1976e1980) produced extensive amounts of lava with
ﬁssure-type eruptions (Thorarinsson, 1979; Ólafsson, 1979a).
2.2. Geothermal exploitation
The Bjarnarﬂag Power Plant generates 18 GWh (gigawatt-hours)
per year at present (Gudmundsson et al., 2010). As a result, 200
million tonnes of efﬂuent waste-water have been discharged into
the surrounding lavas over the past 40 years. The Bjarnarﬂag lagoon
stores the geothermal water, before it inﬁltrates into the bedrock.
2.3. Hydrogeological regime
Lake Mývatn is in close proximity to the Bjarnarﬂag Power Plant
(Fig. 1). The lake is listed as an important habitat for birds in the
RAMSAR convention on wetlands (Ármannsson, 2005). A complex
relationship is observed between: ﬁsh populations; waterfowl;
benthic diatoms; ﬁlamentous green algae; blooms of cyanobac-
teria; phytoplankton and chironomids (Einarsson et al., 2004).
The shallow (  4.2 m) eutrophic lake (w36.7 km2) has two
components, a northern basin (w8.5 km2) and a southern basin
(w28.2 km2) (Einarsson et al., 2004). The northern basin is fed by
warm (w30e40 C) artesian springs atw11m3/s, while the southern
basin is fed by cold (w5 C) artesian springs at w17 m3/s, both
located on the eastern shore (Ólafsson, 1979a; Vatnaskil, 2008). The
water column is well mixed in summer, and thermally stratiﬁed
during winter (Ólafsson, 1979a). The colder southern springs origi-
nate from the Dyngjufjöll, Hvannfell and Lúdent mountains
(Einarsson, 1972; Ármannsson et al., 1998), while warmer northern
springs have locally sourced recharge (Arnason, 1977). Groundwater
velocities vary over the study area. Warmwaters near the Námafjall
geothermal area travel at 0.33e0.81 m/min. Further away, cold wa-
ters travel at 0.61e2 m/min (Hauksdóttir et al., 2000).
The postglacial lava and scoria in the area are the most trans-
missive formations with a measured transmissivity of 2.5 m2/s (De
Zeeuw and Gíslason, 1988; Arnórsson, 1995). The inter-bedded
scoria can be assumed to act as a homogeneous aquifer, while the
basaltic lavas are more heterogeneous with varying porosity and
pore sizes (De Zeeuw and Gíslason, 1988; Gudmundsson et al.,
2010). The hyaloclastites are heterogeneous with high porosity
(0.60) but have variable permeability, and act as aquitards
(Franzson et al., 2010).
Several tracer tests have followed groundwater ﬂow to Lake
Mývatn (Thóroddsson and Sigbjarnarson, 1983; Kristmannsdóttir
et al., 2001) with 100 million fold dilution and two clear different
modes of ﬂow system between Bjarnarﬂag lagoon and Grjótagjá
(Fig. 1; Hauksdóttir et al., 2000; Kristmannsdóttir et al., 2001;
Ármannsson, 2005). A detailed summary of this work is given by
Hauksdóttir et al. (2000).
It has been postulated that there are two different modes of ﬂow
in the system (Arnason, 1977; De Zeeuw and Gíslason, 1988). One
occurs at a depth of 1e3 km, where slow ﬂows are directed by
hydrostatic pressure in horizontal basaltic layers. The second ﬂow
pathway is faster, shallow (<30 m), and is determined by the
fracture intensity of the area (Arnason, 1977).sorption capabilities from geothermal arsenic in a basaltic aquifer: A
, https://doi.org/10.1016/j.gsf.2019.01.001
Figure 1. Geological map of the eastern shore of Lake Mývatn (Sæmundsson, 2010), along with the location of the sites where water samples have been taken. Inset map is the
location of the study area in Iceland.
K.C. Weaver et al. / Geoscience Frontiers xxx (xxxx) xxx 32.4. Water chemistry and ﬂuid composition
Thewarmer springs have a pH of 8.3e8.6 (Ólafsson,1979a), with a
high concentration of dissolved solids due to hydrothermal leaching
of the basalt and scoria rock formations. The warmer springs are
saturated in calcium carbonate, and have a dissolved oxygen satu-
ration of 80%e92% (Ólafsson, 1979b). The mixing of the Námafjall
ﬁeld geothermal efﬂuent with the warm groundwater, has shifted
the warm groundwater d18O (11.58& to 11.92&), which differs
from the cold groundwater d18O (12.72& to 13.03&), sourced
from the inland to the South of Lake Mývatn (Ármannsson, 2005).
The colder springs have a pH of 8.9e9.2, a low concentration of
dissolved solids, a dissolved oxygen saturation of 69% to 82%, and are
undersaturated in calcium carbonate (Ólafsson, 1979a).Please cite this article as: Weaver, K.C et al., Validation of basaltic glass ad
case study from Bjarnarﬂag power Station, Iceland, Geoscience Frontiers2.5. Environmental regulation
Categories for surface efﬂuent pollutantshavebeenestablished for
the protection of the biosphere in Iceland (Hauksson, 2013). The ﬁve
categories for arsenic are: (i) very little orno risk to exposure,<0.4mg/
kg of solvent, (ii) small risk to exposure, 0.4e5 mg/kg of solvent, (iii)
effect expected on sensitive ecosystem, 5e15 mg/kg of solvent, (iv)
impact is expected, 15e75 mg/kg of solvent, (v) dilution needed in
ecosystem, >75 mg/kg of solvent (Umhverﬁsráðuneytið, 1999).
3. Materials and methods
The Iceland Geological Survey (ISOR) has provided water-
sampling chemistry data from 8 hydrological sites (Fig. 1 andsorption capabilities from geothermal arsenic in a basaltic aquifer: A
, https://doi.org/10.1016/j.gsf.2019.01.001
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groundwater boreholes and 1 geothermal waste water sites. The
sites have been sampled from 1978 to 2013, every 1 to 5 years. The
arsenic concentration was relatively stable over this time period in
all 3 hydrological site types. Therefore, for the relation of arsenic to
chloride and temperature, all chemical analyses which measure
these ﬂuid properties were included. For the speciation and dilu-
tion modelling of the geothermal efﬂuent in the groundwater, the
groundwater composition was obtained primarily from Site 3 asTable 1
Properties of 1D transport model in PHREEQC ver. 2. * ¼ Site 4, ** ¼ Site 5, *** ¼ Site 8.
1D transport properties in PHREEQC
Number of cells 30
Cell length ðmÞ 100
Pore volumes 2167
Shifts 65,000
Groundwater velocity (m/min) 0.58
Total simulation time ðyearsÞ 21.2
Dispersivity ðmÞ 5
Diffusion coefﬁcient (m2/s) 1.16E-0
Liquid in each cell ðLÞ 1
Dilution factor
(Efﬂuent volume, m3/s)
1:424 (0
Solution composition Ground
(Site 3)
pH 7.93
Temperature (C) 42
Redox couple S6þ/S2
pe 4.7045
Units mg/kg o
solvent
Al 0.027*
As 0.0001*
CO2 75.5
Ca 19.58
Cl 23.17
Cu 0.0012*
F 0.392
Fe 0.0025*
K 8.93
Li 0.0112*
Mg 3.51
Mn 0.0002*
Na 75.91
PO4 0.137**
H2S 0.1*
SO4 114*
SiO2 115
Zn 0.0012*
Saturation indices
SiO2 0.15
Chalcedony 0.64
Al(OH)3 2.72
Gibbsite 0.17
Fe(OH)3 6.1
Pyrite 5.69
FeS 1.38
Basaltic glass
(Sigfusson et al., 2011)
Mass in each cell ðkgÞ 2.31
Speciﬁc surface area ðm2g1Þ 1.5
Surface sites

sites nm2

4
Arsenic surface reactions
(Sigfusson et al., 2008)
Glass ¼ Basaltic glass
Log K (
As(V)
2Glass-OH þ H3AsO4 ¼ (Glass-O)2AsOOH þ 2H2O 4.3
2Glass-OH þ H3AsO4 ¼ (Glass-O)2AsO2 þ Hþ þ 2H2O 2.3
Glass-OH þ H3AsO4 ¼ Glass-OAsO32 þ 2Hþ þ H2O 2.4
As(III)
2Glass-OH þ H3AsO3 ¼ (Glass-O)2AsOH þ 2H2O 4.7
Glass-OH þ H3AsO3 ¼ Glass-H4AsO4 2.78
Please cite this article as: Weaver, K.C et al., Validation of basaltic glass ad
case study from Bjarnarﬂag power Station, Iceland, Geoscience Frontiersthis groundwater site is in close proximity to the lagoon and the
water-sampling data is the most recent (Fig. 1). Although Site 3 has
the most recent water-sampling measurements, not all chemical
components were measured at this site. Therefore, to provide a
complete chemical proﬁle for the dilution scenario, the most recent
measurements from the nearest sites (Site 4, 5 and 8) were adopted
(Table 1). The geothermal efﬂuent composition was obtained from
Site 1. Transport modelling of the arsenic concentration occurred
along the transect XeX0 shown in Fig. 1.9
.026)
water Geothermal
water (Site 1)
Mixture
(PHREEQC)
6.25 7.9274
30 41.972
S6þ/S2 S6þ/S2
2.5011 4.7013
f mg/kg of
solvent
mg/kg of
solvent
2.67 0.033
* 0.224 0.0006
0.6 75.4
2.48 19.55
60.2 23.27
* 0.00181 0.0012
0.9 0.393
* 0.691 0.0041
24.2 8.97
* 0 0.0112
1.11 3.5
* 0.0005 0.0002
115.7 76.04
* 0.169 0.137
0.1 0.1
171.5 114.1
256 115
* 0.00572 0.0012
0.3 0.1462
1.12 0.639
0.96 2.6254
3.61 0.0816
6.67 5.8888
8.24 5.9041
1.2 1.1684
25C)
sorption capabilities from geothermal arsenic in a basaltic aquifer: A
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The ﬂuid-rock interactions of a homogenous scoria were simu-
lated using PHREEQC ver. 2: speciation, dilution and reactive
transport modelling (Parkhurst and Appelo, 1999). These experi-
ments were based on an ion-association aqueous model. The
Debye-Hückel equation was used to calculate the activity co-
efﬁcients of the species (Fig. 3). PHREEQCwas supplemented with a
thermodynamic database (phreeqc.dat) that provided equilibrium
constants.
The mass-balance model used the latest groundwater model
estimates of ﬂow to the northern basin of Lake Mývatn, 11 m3/s
(Vatnaskil, 2008), and the current average inﬁltration rate of the
waste-water, 0.026 m3/s (Hauksson, 2013) (Fig. 2). The estimate of
efﬂuent yields a dilution factor of 1:424. Mixing with deeper
geothermal water was excluded as a result of the inability to
quantify such ﬂows.
The simulations were started from a chemically, hydrologically
and geometrically simpliﬁed batch system at equilibrium. The
Advection-Reaction-Dispersion (ARD) equation was applied
(Parkhurst and Appelo, 1999):
vC
vt
¼ y vC
vx
þ DL
v2C
vx2
 vq
vt
(1)Figure 2. Diagrammatic representation of the methodology in PHREEQC: a Composition is
production is provided as an arithmetic mean from 1977 to 2012 (Hauksson, 2013); d Groun
based on tracer tests (Hauksdóttir et al., 2000). f Basaltic glass surface reactions provided (
Please cite this article as: Weaver, K.C et al., Validation of basaltic glass ad
case study from Bjarnarﬂag power Station, Iceland, Geoscience Frontierswhere t is time (s), C is concentration in water (mol/kgw), y is
groundwater velocity (m/s), x is distance (m), DL is the hydrody-
namic dispersion coefﬁcient (m2/s) and q is the concentration in the
solid phase (mol/kgw in the pores).
The base model transport properties are listed in Table 1. The
base model was represented by a 3000 m strip discretized into
30 cells, each being 100 m in length (Fig. 2). Each cell contained 1
litre of diluted geothermal water with a total of 18 aqueous com-
ponents (Table 1). The domain was composed of homogeneous
scoria with an initial porosity of 0.5, as ﬂow was assumed to
concentrate in these horizons (De Zeeuw and Gíslason, 1988;
Gudmundsson et al., 2010). A ﬁxed mass of basaltic glass was
assigned to each cell based on this porosity. We assumed a 50%
interaction rate between the ﬂuid and basaltic glass. The equilib-
rium constants for the arsenic-basaltic glass surface reactions
(Sigfusson et al., 2008) were input into PHREEQC (Table 1). The
arsenite diffusion coefﬁcient (1.16  109 m2/s) was used since the
redox conditions favoured this reduced form of arsenic (Fig. 5). A
dispersivity value of 5 mwas chosen to imitate a fractured-layered
basaltic system (Schulze-Makuch, 2005 and references therein).
The groundwater velocity of 0.58 m/min was obtained from tracer
studies (Hauksdóttir et al., 2000), and represents the median ve-
locity measured by tracer arrival times near the transect end (X0) at
Lake Mývatn.provided (Hauksson, 2013); b Composition is provided by ISOR; c Geothermal waste
dwater ﬂow rate provided from latest model (Vatnaskil, 2008); e Groundwater velocity
Sigfusson et al., 2008).
sorption capabilities from geothermal arsenic in a basaltic aquifer: A
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Figure 3. The chloride/arsenic ratio for the geothermal waste water, groundwater, and hot water springs sampled between 1978 and 2013. In an additional 36 instances, arsenic
concentrations were below the detection limit (0.02 mg=kg of solvent) in hot water springs. Not all chemical analyses over this period included measurements of chloride and
arsenic. The locations of hydrological sites are shown in Fig. 1.
K.C. Weaver et al. / Geoscience Frontiers xxx (xxxx) xxx6Four assumptions were made in the transport simulation:
(1) Biological inﬂuences (Smedley and Kinniburgh, 2002) and
competing ions were not considered in the model. This likely
resulted in under-estimation of equilibration times (Sracek
et al., 2004);
(2) Geothermal and groundwater compositions remained constant
and mixing was assumed instantaneous;
(3) The arithmetic mean of the hot water springs and groundwater
temperatures (Site 2e8) along the transect (XeX0) (Fig. 1) is
w30 C. Considering the simulated mixing of the geothermal
efﬂuent water and the groundwater (Table 1) did not change
the groundwater temperature signiﬁcantly, the basaltic glass
interaction equilibrium constants derived at 25 C (Sigfusson
et al., 2008) were used (Table 1);Please cite this article as: Weaver, K.C et al., Validation of basaltic glass ad
case study from Bjarnarﬂag power Station, Iceland, Geoscience Frontiers(4) Transport modelling was one dimensional in a homogeneous
aquifer, thus avoiding heterogeneities in composition and
structure.
Numerical dispersion has been known to occur in coarse grid
models of PHREEQC. The robustness of the model was tested using
alternative grid sizes (100 m, 250 m, 500 m) in a one-dimensional
transport model (Fig. 6). Calibration of the model using arsenic was
not possible due to a limited number of data points along the
transect (XeX0). Only 3 arsenic measurements are available in close
proximity to Lake Mývatn. No groundwater samples in the region
pre-dated the ﬁrst production of geothermal power at Bjarnarﬂag
Power Plant. Therefore, geothermal water likely has already
contributed to the base-line groundwater chemistry. A beneﬁcial
comparison of the model with independently obtained analyticalsorption capabilities from geothermal arsenic in a basaltic aquifer: A
, https://doi.org/10.1016/j.gsf.2019.01.001
Figure 4. The relationship between arsenic and temperature in the geothermal waste
water, groundwater, and hot water springs sampled between 1978 and 2013. Not all
chemical analyses over this period included measurements of temperature and
arsenic. The location of hydrological sites are shown in Fig. 1.
Figure 5. Arsenic speciation of geothermal waste water, hot water springs and
groundwater, estimated by Eh and pH.
K.C. Weaver et al. / Geoscience Frontiers xxx (xxxx) xxx 7data was therefore not possible as data were not spatially or
temporally comprehensive. This motivated an extensive sensitivity
analysis of ﬂow parameters.
This model builds upon the model on southern Iceland aquifer
systems presented by Sigfusson et al. (2011), as we undertake an
extensive sensitivity analysis to assess the signiﬁcance of the ﬂow
parameters. In the sensitivity analysis four properties were varied:
efﬂuent volume, rock-water interaction, groundwater velocity, and
dispersivity. The base model and each sensitivity analysis are simu-
lated for 20 years, and the arsenic concentration is measured in each
cell (cell 1 to 30). Considering the dynamic enthalpy of boreholes,
efﬂuent volume was reduced by half (0.013 m3/s), doubled
(0.052 m3/s), and tripled (0.078 m3/s) to assess its sensitivity on the
base model. These changes in efﬂuent volume are far larger than
natural ﬂuctuations of efﬂuent production between 1977 and 2012
(Hauksson, 2013). At 50% porosity (2.31 kg, Table 1), the interaction
of the ﬂuid with the basaltic glass, was reduced (achieved byPlease cite this article as: Weaver, K.C et al., Validation of basaltic glass ad
case study from Bjarnarﬂag power Station, Iceland, Geoscience Frontiersreducing the mass of basaltic glass in the transport model) until
arsenic concentrations were increased (0.0003%, 7 mg). A range of
groundwater velocities above and below 0.58 m/min (0.3, 0.75 and
1 m/min, Hauksdóttir et al., 2000) were simulated reﬂecting faster
and slower ﬂow pathways to Lake Mývatn. Variable dispersivity
values (Schulze-Makuch, 2005) were assessed, which represent
realistic heterogeneities in the ﬁeld. A dispersivity value of 76 m
(Souza and Voss, 1987) was chosen to reﬂect a layered basaltic sys-
tem. Dispersivity values of 1, 0.1 and 0.01 m (Steele et al., 1989;
Nimmer, 1998) were chosen to reﬂect a fractured basaltic system.
A set of three scenarios were considered which used parameter
values conducive for likely contamination of Lake Mývatn. Scenario
(1) included a dispersivity of 76 m relating to layered scoria ﬂow.
Scenario (2) further introduced a faster groundwater velocity of
1 m/min. Scenario (3) further included a three-fold increase in
efﬂuent volume re-injected (Table 2).
4. Results
4.1. Chemical and thermal relationships
Based on the chloride to arsenic (Cl/As) ratio (mg/mg), there are
two distinct groups of subsurface water (Fig. 3). The geothermal
waste waters have a Cl/As ratio of <103, and the groundwater, and
hot water springs have a Cl/As ratio ofw104.1 tow105.3.
Arsenic concentrations also highlight two distinct groups of
subsurface water (Fig. 4). Arsenic concentrations in the geothermal
waste waters are w101 mg/kg, and in the groundwater and hot
water springs are w104 mg/kg. There are numerous instances
where arsenic concentrations are below the detection limit (0.02
mg=kg of solvent) in the hot water springs. There is no clear cor-
relation between temperature and arsenic concentration (Fig. 4).
4.2. Modelling output
4.2.1. Speciation
The pH and redox potential (Eh) can be used to estimate the
major arsenic species present in a solution. Here, the Eh was esti-
mated by the S2/S6þ redox couple in PHREEQC (Fig. 5). The results
show that the major arsenic species is H3AsO30.
4.2.2. Dilution
The dilution simulation between the geothermal efﬂuent and
groundwater reduces the geothermal arsenic concentration
signiﬁcantly, to w0.6 mg/kg of solvent, with zinc, copper and
phosphate also being reduced (Table 1). Temperature and pH
remain relatively constant in the groundwater system. The reduc-
tion potential decreases by 0.0032. Saturation indices of inﬂuential
mineral phases largely remain in their groundwater saturation
states (Table 1).
4.2.3. Reactive transport e Numerical dispersion
In the transport modelling, the coarser grid sizes computed
higher concentrations along the transect (XeX0); yet, all three
simulations retained similar temporal and spatial behaviour of
arsenic concentration (Fig. 6). Moreover, the variations were not
sufﬁciently signiﬁcant to cross environmental categoric thresholds.
4.2.4. Reactive transport e Sensitivity
The sensitivity analysis assesses the signiﬁcance of efﬂuent
reinjection volume, the basalt-glass-ﬂuid interaction extent,
groundwater velocities, and dispersivity. Increased efﬂuent rein-
jection volume raises the arsenic concentration proﬁle, and was
considered the most sensitive parameter (Fig. 7a). A threefold in-
crease in the geothermal efﬂuent produced, increased the arsenicsorption capabilities from geothermal arsenic in a basaltic aquifer: A
, https://doi.org/10.1016/j.gsf.2019.01.001
Figure 6. Comparison of grid resolution along transect (XeX0). A cell size of 100 m (30 cells), 250 m (12 cells), and 500 m (6 cells) were tested.
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solvent. Even with such unexpected high volumes of efﬂuent, the
arsenic concentration was still reduced below the Category I limit
(0.4 mg/kg of solvent) in the transport model, 300 m from the
lagoon. The basalt-glass-ﬂuid interaction extent, at a porosity of 0.5,
was reduced from 50% until arsenic concentrations increased.
Sensitivity is only observed at unrealistically low interaction levels
(0.0003%) (Fig. 7b). A porosity of 0.0003% limits adsorption of
arsenic, and sustains arsenic levels above base model concentra-
tions until cell 10 to 12 (1e1.2 km from the lagoon). Along the
transect, slower groundwater velocities had a greater impact on
arsenic concentration decrease than increasing groundwater ve-
locity did on arsenic concentration increase (Fig. 7c). An intensiﬁed
fractured system, represented by reduced dispersivity (1 m, 0.1 m,
0.01 m), had no signiﬁcant effect on the arsenic concentration
proﬁle. However, a larger dispersivity (76 m, Souza and Voss, 1987),
replicating a layered scoria environment, caused an attenuation of
arsenic concentration relative to other simulations, resulting in a
lower concentration close to the lagoon and a higher concentration
towards Lake Mývatn (Fig. 7d).Table 2
Flow properties varied from the base model in scenarios 1, 2, and 3. Flow properties
include dispersivity, groundwater velocity and efﬂuent volume.
1D transport properties
in PHREEQC
Base model Scenario 1 Scenario 2 Scenario 3
Dispersivity (m) 5 76 76 76
Groundwater velocity (m/min) 0.58 0.58 1 1
Efﬂuent volume (m3/s) 0.026 0.026 0.026 0.078
Please cite this article as: Weaver, K.C et al., Validation of basaltic glass ad
case study from Bjarnarﬂag power Station, Iceland, Geoscience Frontiers4.2.5. Scenarios
Extensive sensitivity analysis has considered several variables in
isolation. Subsequently, three scenarios were simulated over a 20
year period, with variations in the most signiﬁcant parameters
(Fig. 8). Scenario (2), which included the faster pore water velocity
(1 m/min), predicted the highest concentration generally along the
transect. The simulation for the base model and scenario (2),
exceeded 0.4 mg/kg of solvent in arsenic concentration. However, the
concentration decreased below this limit at 100 m from the lagoon.
The base model and scenarios (1) and (2) all reached a minimum
concentration of 0.1 mg/kg of solvent byw350 m from the lagoon.
Scenario (3) simulated a three-fold increase in efﬂuent volume
and thus was expected to produce signiﬁcantly higher concentra-
tions of arsenic along the proﬁle (Fig. 8b). Scenario (3) exceeded the
Category (I) limit (0.4 mg/kg of solvent) untilw260 m. As with the
other scenarios, in Scenario (3) the arsenic reached the minimum
concentration of 0.1 mg/kg of solvent byw700 m.
5. Discussion
5.1. Geochemistry
In the study area, arsenic concentrations are separated into
two different groups (Figs. 3 and 4). Arsenic concentrations are
signiﬁcantly higher in the geothermal waste waters (101 mg/kg
of solvent) than the groundwater, and hot water springs
(104 mg/kg of solvent). This enrichment in arsenic reﬂects
extensive water-rock interactions which occur at high tempera-
tures (Arnórsson, 2003). However, there is no clear relationshipsorption capabilities from geothermal arsenic in a basaltic aquifer: A
, https://doi.org/10.1016/j.gsf.2019.01.001
Figure 7. Sensitivity analysis of (a) efﬂuent volume, (b) rock-water interaction, (c) groundwater velocity, and (d) dispersivity. For efﬂuent volume, groundwater velocity, and
dispersivity, arsenic concentrations become consistently similar to the base model by cell 5 (500 m from lagoon) at w0.1 mg/kg of solvent.
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geothermal and groundwater had the same dominant species of
arsenite (H3AsO3). After inﬁltration, arsenite still maintained its
dominant chemical forms.Figure 8. Base model and scenarios along the transect. (a) Comparison of scenarios 1 and 2 w
years.
Please cite this article as: Weaver, K.C et al., Validation of basaltic glass ad
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According to PHREEQC simulations, when arsenic-rich
geothermal waters inﬁltrated into the subsurface, dilutionith the base model at 20 years; (b) Comparison of scenario 3 with the base model at 20
sorption capabilities from geothermal arsenic in a basaltic aquifer: A
, https://doi.org/10.1016/j.gsf.2019.01.001
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Dilution clearly was an important factor, as it reduced the
contaminant concentration level from Category (V) to Category (II)
(Umhverﬁsráðuneytið, 1999).
Increasing power production is most likely to alter the volume
of efﬂuent-water released from Bjarnarﬂag Power Plant. Varying
geothermal enthalpies produce different volume of efﬂuent
(Hauksson, 2013). Although a three-fold increase in efﬂuent water
(0.078 m3/s) from current levels is unrealistic, simulations sug-
gested that dilutionwould still reduce contamination fromw224 to
w1.14 mg/kg of solvent (Fig. 7c).
Within the dilution simulation, the saturation state of several
important minerals remained unchanged, considering the large-
scale dilution (Table 1). SiO2 remained unsaturated but gibbsite,
similar to hydrous iron oxides, became more saturated with the
input of geothermal water. In the actual aquifer, pyrite is expected
deepwithin the basaltic aquifer system (Gudmundsson et al., 2010),
which may aid in arsenic adsorption.
5.3. Adsorption processes
FeO, SiO2 and Al2O3 rich basaltic glass can cause decreased
arsenic mobility at pH 3e10 (Sigfusson et al., 2008). The
geochemical similarities of AsO33 to H4SiO4 should also be
considered (e.g. Pascua et al., 2005; Charnock et al., 2007).
High phosphate concentrations hinder As5þ adsorption, but not
As3þ adsorption (Dzombak and Morel, 1990). Furthermore, sil-
ica competes with arsenic for adsorption sites (Sracek et al.,
2004).
For a signiﬁcant rise in arsenite concentration to occur, an un-
realistically low porosity had to be assumed (0.0003%). This may
indicate that the basaltic glass either did not operate at its
maximum adsorption capacity, or had a strong adsorption capa-
bility. We show that adsorption by basaltic glass is very effective
even at a very low interaction-rate (Fig. 7b). This corroborates ob-
servations from iron oxide adsorption (Smedley and Kinniburgh,
2002; Sracek et al., 2004; Johannesson et al., 2013).
5.4. Transport processes
In the PHREEQC one-dimensional transport modelling, dis-
persivity and groundwater velocity were subject to a sensitivity
study, which builds upon previous work in southern Iceland
(Sigfusson et al., 2011).
5.4.1. Dispersivity
Layered scoria dispersivity attenuated the concentration of
arsenic along the transect (Fig. 7d). As a result of attenuation,
the upstream (towards X) concentration was reduced and the
downstream (towards X0) was increased. Fracture-ﬂow dis-
persivities did not induce a signiﬁcant change in arsenic
concentrations along the transect. The dispersivity considered
was longitudinal (aL), with transverse dispersivity not being
taken into account. It is reasonable to expect arsenic con-
centration to generally reduce with the input of transverse
dispersivity.
5.4.2. Groundwater velocity
The variation in groundwater velocity resulted in different
concentrations predicted along the transect (Fig. 7c). Within the
ﬁrst 500 m of the transect, simulated slower velocities (0.3 m/min)
reduced the arsenic concentration more than faster ﬂows (0.75 and
1 m/min) increased the arsenic concentration. Considering dilution
was assumed instantaneous and dispersion was assumed constant,
the length of time that basaltic glass and arsenic-rich watersPlease cite this article as: Weaver, K.C et al., Validation of basaltic glass ad
case study from Bjarnarﬂag power Station, Iceland, Geoscience Frontiersinteracted, was a signiﬁcant factor in the uptake of arsenic into the
bulk aquifer material. Groundwater velocities appeared to be the
most signiﬁcant control on the transport model among the factors
considered here.
The inter-dependent system of groundwater velocity, dis-
persivity and adsorption is most likely the key to understanding
arsenic behaviour in basaltic aquifers. A system that has high
dispersion, an increased exposure to adsorption and a lower
groundwater velocity, may result in a lower arsenic concentration.
Conversely, a system that has low dispersion, a decreased exposure
to adsorption and a faster groundwater velocity, may result in a
higher arsenic concentration.
5.5. Is increased geothermal power production a threat to Lake
Mývatn?
The geochemical conditions of the lagoon favoured reduced
arsenite. Arsenite was signiﬁcantly decreased from Category (V) to
Category (II) contaminant assuming 11 m3/s reached Lake Mývatn
(Vatnaskil, 2008), and 0.026 m3/s of efﬂuent was released from the
Námafjall geothermal ﬁeld (Hauksson, 2013). Moreover, when
simulating a very high volume of re-injected efﬂuent (0.078 m3/s),
the contaminant was still limited to a Category (II) contaminant
after dilution.
All three scenarios and the base model were simulated for 20
years (Fig. 7). In all four cases the arsenite concentration reached
background levels before the mid-way point of the transect. It ap-
pears that basaltic glass is in sufﬁcient supply over a 20-year period.
Faster ﬂows replicated fracture-ﬂow pathways, yet differences to
the base model were on the scale of w0.2 mg/kg of solvent. A 40-
year simulation period also suggested concentrations reached
background levels at a safe distance from Lake Mývatn. Considering
the faster ﬂow parameter used in this scenario, there appears to be
no heightened risk to the lake ecosystem.
The modelling work done in this study may fall short in real
representation of ﬁeld conditions of the basaltic aquifer system.
This was only a selection of possible scenarios and further work
should be done to assess the combined effect of variables
including the arsenic immobilisation effect of SiO2 and PO4 with
basaltic glass. However, in our extreme-case scenario, there ap-
pears to be sufﬁcient adsorption and dilution of arsenic in the
aquifer. Landsvirkjun plans to re-inject geothermal efﬂuent at
400 m depth if the power plant is expanded (S. H. Markússon,
2014, personal communication, 1 August). At this depth, the
temperature is 100 C according to alteration minerals
(Gudmundsson et al., 2010). The model could be improved
through simulating an increase in temperature (100 C), by cor-
recting the arsenite diffusion coefﬁcient and equilibrium con-
stants of the arsenic surface reactions. This study also
recommends the analysis of adsorption coefﬁcients for competing
ions such as SiO2. Additional sample sites, sampling, pumping
tests, adsorption capability tests, and tracer tests will add further
insight into the hydrogeological properties of the Mývatn basalt
and provide robust data to constrain the geochemical model.
6. Conclusion
Geothermal demands in Bjarnarﬂag, northern Iceland, require
assessment of the fate of arsenic within the subsurface. The main
factor controlling the fate of arsenic is the ability of basaltic glass to
adsorb the contaminant in the groundwater system. In dilution
simulations arsenite (H3AsO3) is decreased to a Category (II)
contaminant. In transport simulations, geothermal arsenite did not
reach Lake Mývatn, even in the worst-case scenario. This is a
consequence of the strong capability of basaltic glass in removingsorption capabilities from geothermal arsenic in a basaltic aquifer: A
, https://doi.org/10.1016/j.gsf.2019.01.001
K.C. Weaver et al. / Geoscience Frontiers xxx (xxxx) xxx 11arsenic from the aqueous phase. This study indicates that the
adsorption strength is very high which means that the physical
hydrogeological parameters, namely: groundwater velocity and
longitudinal dispersivity have less inﬂuence on the concentration
proﬁle. Considering the limitations, the results give insight into the
processes involved within the aquifer system. The results also give
reasonable support for re-injection as a suitable solution for
geothermal arsenic disposal, in similar basaltic aquifer systems
worldwide.
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